INTRODUCTION
Thin film CdTe photovoltaics (PV) modules are currently the most important second generation thin film PV technology. A thin film CdTe solar cell with a record efficiency of 21. 5% has been reported recently by First Solar Inc. [I] . Commercially available modules presently have efficiencies � 13 %, with a 17.5% world record for module efficiency reported [1] . Thin film CdTe solar cells are usually deposited using Closed Space Sublimation (CSS) or the Vapour Transport Deposition (VTD) method. The CdS and CdTe thin films, which form the p-n heterojunction, are usually deposited on a transparent conducting oxide coated glass superstrate using a high temperature process. The deposition of the heterojunction is followed by a cadmium chloride (CdCb) activation treatment at �400°C and then by the formation of the back contact.
A typical thin film CdTe solar cell with an efficiency of � 13% delivers a short circuit current density of �22. 5 mA/cm 2 [2] . However, the AM 1. 5G spectrum (between 350
nm and 850nm wavelengths) should enable current densities 978-1-4799-7944-8/15/$31.00 ©2015 IEEE of up to 31.2mA/cm 2 . The current density losses in CdTe devices can be attributed to optical effects. The two most significant loss mechanisms are the optical absorption in the n-type CdS window layer and the reflection losses from the glass substrate. The absorption losses in the CdS can be controlled by minimising the thickness of the CdS layer. The light reflection losses occur due to the refractive index mismatch between the module glass and air. This mismatch leads to reflection losses of �4.2%. The reflection from the glass substrate can be reduced by application of an anti-reflection coating [3] - [5] . Use of a broadband Multi Layer Anti-Reflection (MAR) Coating is the most effective solution to this problem. The MAR coatings offer the highest reduction in reflection, excellent durability and low cost [3] . The design of the MAR coatings for thin film CdTe has been described elsewhere [3] . The design of these MAR coatings is based on the use of high/low refractive index material pairs. We used Zr02 as the high index material and Si02 as the low index material. Four layer alternate Zr02/Si02 MAR coatings deposited by pulsed DC Magnetron sputtering have been investigated in this study. The refractive index change within the MAR stack combined with a precise control of layer thickness takes advantage of destructive light interference to minimize the reflection losses. These dielectric metal-oxide materials are hard and scratch resistant and adhere well to glass surfaces. Their durability and environmental stability is exceptional and already well proven in ophthalmic and precision optical applications even on plastic substrates [6] .
In the manufacture of thin film CdTe modules the glass acts as the substrate for the PV device deposition. Although it is feasible to deposit the MAR coating as the final step in module fabrication this would involve the addition of another process step and further capital expenditure. Sourcing pre-coated MAR glass is a more attractive commercial proposition. However, the MAR coating is then exposed to significant high temperatures during the deposition of the absorber layer and during the cadmium chloride activation step. The glass temperature during these processes is typically in the range 400°C [7] to 500°C [8] .
These types of MAR coatings have been tested previously for optical applications. In these studies, using ISO and IEC accelerated lifetime testing protocols, the coatings have demonstrated excellent durability [6] , [9] . However, none of these previous tests have tested durability using temperatures above 100°e.
At higher temperatures there is a risk that the coating will craze due to the mismatch in thermal expansion coefficients between the materials used in the thin film multilayer stack and the glass substrate. Crazing of the coating could result in a performance decrease and could lead to a complete coating delamination. Cracks in the coating allow water penetration which significantly reduces the lifetime of the MAR coating. The deposited MAR coatings were tested by exposure to high temperatures in a baffle furnace. The temperature was increased from room temperature to 600°C on soda lime glass and to 800°C on high temperature Eagle glass to establish the point of failure. Scanning Electron Microscopy (SEM) and spectroscopic reflection measurements were used to observe the effects of increasing the temperatures on the coating.
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EXPERIMENTAL
Multi-layer anti-reflection Coatings were deposited using pulsed DC magnetron sputtering in a "PV Solar" deposition system supplied by Power Vision Ltd., (Crewe, UK). The system was designed for multilayer thin film deposition and is equipped with up to four 1S0mm circular magnetrons mounted vertically around a cylindrical chamber. The system allows deposition of multi-layer stacks under computer control. One of the magnetrons can be replaced with a plasma source for reactive sputtering. The Scm x Scm glass substrates (1mm thick) were cleaned using a 30 min wash in an ultrasonic bath using a 10% IPA solution in de-ionised (DI) water (18 MQ-cm). This was followed by a rinse in DI water and drying using dry compressed air. The substrates were then mounted vertically on a rotatable carrier. The carrier rotates typically at 120rpm during the deposition process to provide coating uniformity. Two magnetrons are fitted with silicon and zirconium planar metallic targets. A thin layer of metal is deposited in each pass of the carrier. An 800V DC power supply is used to maintain an oxygen plasma from a source located at a third position. This allows the metal films to be converted into the optical quality metal-oxides required for the MAR design. The metal layers were sputtered using a pulsed DC power supply (Advanced Energy Inc. Pinnacle plus SkW) in an argon/oxygen environment. The zirconium was sputtered at lkW using a l.Sfis reverse time, while the 978-1-4799-7944-8/15/$31.00 ©2015 IEEE silicon was deposited at l.SkW and a 2. 5 fis reverse time. The frequency of the pulse was set to 150 kHz for both materials. The strategy of separating metal deposition from the oxidation process in separate zones avoids reactive sputtering hysteresis effects and also allows high deposition rates to be obtained [10] , [II] . Since the sputtering rate of metals is stable, the layer thickness can be controlled accurately using time only under computer control. A quartz crystal monitor is not required.
The performance of the as-deposited anti-reflection coatings was tested by measuring the light reflection spectrum using a Varian Cary 5000 UV-Vis-NIR spectrophotometer. The reflection was measured for wavelengths between 3S0nm and 8S0nm, with a I nm interval. The performance of the coating was assessed by calculating the weighted average reflection (WAR) from the spectrophotometer data and the AM 1. 5 solar spectrum. This method gives a representative reflection percentage from the MAR coated surface as it takes into account the relative abundance of photons at each wavelength. This range was chosen since given the 1.4SeV band gap of CdTe only this wavelength range contributes to the photo current of the CdTe solar cells.
Due to the reflection from the back surface of the glass substrate, the reflection data gathered from the spectrophotometer is artificially high. WAR data quoted in tables 1 and 2 has had the back surface reflection removed to give a more accurate numerical representation of the MAR coating performance. The back surface reflection is still included in Fig. 6, Fig. 10, and Fig. 13 .
Following the MAR deposition the coatings were exposed to temperatures between 100°C and 800°C at 10°C intervals. The heating of the coatings was performed for 30 minutes in a muffle furnace (Vecstar PF4). During the experiment the furnace was first pre-heated to the appropriate temperature and then the sample was placed on a small porous alumina silicate brick support and then loaded into the furnace. The furnace was allowed to return to the set temperature. After the heat treatment was finished the brick with the sample was extracted. The coated glass substrate was then gently transferred from the hot brick onto a cool brick to allow cooling in air.
The impact of the high temperature exposure on the coating integrity was analysed using optical and SEM imaging of the surface. Reflection measurements were also taken to investigate the performance of the coating after the high temperature exposure.
Additionally Scanning White Light Interferometry, in particular coherence correlation interferometry (CCI); was used to measure the effect of heat treatment on the surface roughness and surface form of the samples. The roughness was assessed through comparison of the root mean square (RMS) roughness. [12] III.
RESULTS
In this paper three types of substrate have been investigated: Soda lime glass, Eagle glass (EG), and TEC 7. The WAR on uncoated soda lime glass was 4.23%, for non heated MAR the WAR was 1.6%; a reflection decrease of 2.63%. Fig. 1 shows the modelled reflection of the as deposited MAR coating used in this study. The measurements also confirmed excellent repeatability between the samples.
Variations in the WAR of as deposited samples are small and are caused by variations in the deposition conditions; the standard deviation of WAR of samples on Eagle glass, and TEC 7 is 0.077, and 0.073 percentage points respectively showing excellent reproducibility.
A. Soda-Lime Glass Fig. 2 Shows SEM images of the surface of four MAR coated glass substrates; as deposited and then heat treated for 30min at 200°C, 400°C and 500°C. The images show that the surface of the as deposited samples was smooth and defect free. The surface was not damaged due to the exposure of the glass even up to 580°C. The reflection measurements confirmed that the optical properties of the coatings remained unchanged.
The lowest temperature that caused signs of slight crazing to appear was 590°, in the form of isolated fissures in the surface of the MAR. An example of these fissures can be seen in Fig. 4 . Fig. 5 shows an optical image of a coating exposed to a temperature of 600°C. Comparison with Fig. 3 shows that at 600°C the coating has crazed completely. A comparison of the reflectance of MAR coated glass after heat treatment at 500°C, 590°C and 600°C can be seen in Fig.6 . The reflectance in terms of WAR for uncoated soda lime glass was 4.23%, for as deposited MAR the WAR was 1.61 %, exposed to 500°C the WAR was 1.59%, exposed to 590°C the WAR was 1.41 %, and exposure to 600°C the WAR was 1.36%. This suggests that heat treatment has a negligible effect on the WAR of the samples. Fissures are produced in the surface of the MAR samples only after the soda lime glass has begun to warp due to the heat. Fig 7 provides a series of CCI images showing that the shape of the substrate changes depending on temperature. The corners curl up significantly, at this point the coating crazes and RMS roughness begins to increase. Experiments on Eagle glass were carried out to investigate the effect of using a high temperature glass substrate with a lower coefficient of thermal expansion on the surface roughness of the coating after heat treatment.
A. CCI Image of as deposited sample. B. Pilkington TEe 7 Glass Fig. 8 shows a comparison of the surfaces of MAR coatings deposited onto Pilkington TEC 7 glass after heat treatment at 500°C, 580°C, 590°C, and 600°C. Again the images show that the surface of the as deposited samples was smooth and defect free and the samples show no sign of crazing under SEM imaging. As the soda lime glass used in TEC7 is 3mm thick the glass warped less at temperatures approaching 600°C than the Imm thick soda lime glass samples. Slight crazing could only be found at the edges of the sample at temperatures above 590°C. This supports the view that crazing in the coating is primarily caused by the mechanical movement of the substrate as it approached its 978-1-4799-7944-8/15/$31.00 ©2015 IEEE melting point. An optical image of crazing at 590°C is shown in Fig. 9 .
The Transparent conducting oxide (TCO) on the opposing side of the glass to the MAR was unaffected by the heat treatment as inspection at all temperatures showed no signs of crazing. However the TCO did soil as the surface was placed face down in the oven to preserve the MAR, increasing the measured WAR slightly. A comparison of the reflectance of MAR coated TEC 7 glass after heat treatment at 500°C, 590°C and 600°C is shown in Fig. ll . The reflectance in terms of WAR for non heat treated MAR on TEC 7 was measured at 1.45%. Samples before and after heat treatment showed negligible difference in WAR. 
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Corning Eagle Glass
To distinguish whether the AR coating on soda lime glass crazes due to the heat treatment or the deformation of the substrate, we repeated the tests using Corning Eagle Glass™. The annealing point of a glass is the temperature at which the glass is still hard to deform but has been softened enough to allow for stresses to relax within the glass. Eagle glass has an annealing point of 722°C, allowing for greater temperature heat treatment compared to soda lime glass which has an annealing point of 546°C. A comparison of the reflectance of MAR coated Eagle glass as deposited and after heat treatment at 590°C, 700°C, and 800°C can be seen below in Fig.14 o "" ,1111'" , "'"" """" " "'"'"'"" 400 SOO 600 700 800
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CONCLUSIONS
It is already established that broadband Multi-layer Antireflection coatings can increase the photo current of thin film CdTe PV devices by 3.1% relative [3] . For CdTe modules the glass is the substrate. Ideally, module manufacturers would prefer to source glass with a suitable transparent conductor on one side and a broadband MAR on the other side. For this to be feasible, it is necessary that the MAR coating can withstand the high temperature processes used at various stages during module production.
In this study, we have deposited ZrOz/SiOz multilayer coatings on to soda lime glass substrates using pulsed dc reactive magnetron sputtering. We have then exposed the coatings to increasing high temperatures up to 600°C for 30 minutes in a muffle furnace for coatings on soda lime glass and up to 800°C for samples on Eagle glass. These experiments have enabled us to assess at which point damage occurs and to establish the nature of the damage. For soda lime glass the coatings remained unaffected until the temperature reached 600°C with very mild crazing occurring at 590°C at the edges of samples where the glass had most warped. At 600°C mild crazing of the coating was observed across the entire sample. This is surprising because this temperature exceeds the glass transition temperature for soda lime glass. It appears that the MAR coating remains unaffected until the underlying glass substrate begins to warp. When deposited on High Temperature Eagle glass the coatings appear even more robust, again fissures only appear once the substrate begins to warp at 800°C due to the temperature approaching the melting point of the glass. This is an important observation since it implies that low cost glass can be pre-coated with a high quality broadband anti-reflection coating and the coatings are sufficiently robust to survive exposure to all of the high temperature processes used during thin film CdTe module production. The study has also shown that the Fluorine doped tin oxide (FTO) on the TEC7 also survives the CdTe process temperatures. Hence it is feasible to use Soda Lime Glass with an MAR coating on one side and FTO on the other.
Broadband MAR glass coating using rotating magnetron sputtering processes is already technically feasible. The high volume demand for solar modules relative to other MAR applications could lead quickly to low cost manufacturing at an industrial scale. The implementation of broadband anti reflection coatings on glass will result in even more efficient solar modules.
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